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ABSTRACT: A procedure combining a geometrically nonlinear, explicit-dynamics contact
analysis, computer aided design techniques, and elasticity-based mesh adjustment is proposed to
efficiently generate realistic finite element models for meso-mechanical analysis of progressive
failure in textile composites. In the procedure, the geometry of fiber tows is obtained by imposing
a fictitious expansion on the tows. Meshes resulting from the procedure are conformal with the
computed tow-tow and tow-matrix interfaces but are incongruent at the interfaces. The mesh
interfaces are treated as cohesive contact surfaces not only to resolve the incongruence but also to
simulate progressive failure. The method is employed to simulate debonding at the material
interfaces in a ceramic-matrix plain weave composite with matrix porosity and in a polymeric-
matrix plain weave composite without matrix porosity, both subject to uniaxial cyclic loading. The
numerical results indicate progression of the interfacial damage during every loading and reverse
loading event in a constant strain amplitude cyclic process. However, the composites show
different patterns of damage advancement.

INTRODUCTION

Localized inelastic deformation and failure in textile composite materials are sensitive to the
internal geometry of the materials. Finite element meso-mechanical progressive damage analysis
of textile composites is hindered by difficulties in efficiently creating a realistic model and
reducing the number of nodes. The difficulties arise from the contact among the fiber tows,
which is ubiquitous in actual textile composites, and from the concurrent thinness and large
concaving surface curvature of the volume taken by the matrix.

Most approaches for creating the internal geometry of 2-D (two-dimensional) textile
composites with orthogonal fiber tows (such as in plain, twill, and satin weaves) are
implemented solely by the CAD (Computer-Aided Design) techniques. Without computing the
mechanical interaction among interlacing fiber tows, the CAD-based approaches resort to
experimental findings and simplifications. Most CAD-based approaches for 2-D fabrics with
orthogonal fiber tows assume that the cross section of each fiber tow is constant and has its first
and second lines of symmetry parallel with and normal to the fabric plane, respectively. (In the
CAD-based approaches for 2-D fabrics with orthogonal fiber tows, the cross sections of the fiber
tows are taken normal to the fabric planes.) The contour of the cross section is basically
constructed with an elliptical, circular, or sinusoidal curve and its image with respect to the first
symmetry line. Furthermore, the cross section can have truncations parallel with the lines of



symmetry; therefore, the cross section may additionally have two or four straight edges. If the
geometry of contacting edges of one fiber tow in an interlacing zone is set identical with the
geometry of the centerline of the other tow and vice versa, then a consistent areal contact can be
ensured (e.g., [1-5]). Otherwise, complete separation of two interlacing fiber tows is assumed to
avoid interpenetration (e.g., [6, 7]). We note that adopting the complete separation results in
extended thin layers of matrix between neighboring fiber tows, which can severely increase the
nodes of a congruent mesh as a reasonable bound of the element aspect ratio is enforced. A few
CAD-based approaches for 2-D fabrics with orthogonal fiber tows employ position-dependent
cross sections for the tows. Hivet and Boisse [8] used different asymmetric cross sections for
different zones of a fiber tow and incorporated the aforementioned sufficient condition for
consistent areal contact. However, the cross sections are still enveloped in a constant rectangle.
In [8], CAD solids representing the fiber tows are created as “swept blend.” In the work by
Crookston, Ruijter, et al. [9] and Lin, Sherburn, et al. [10], each position-dependent cross section
of a fiber tow is defined with splines that pass through a number of points. If the number of
points is sufficiently large, interpenetrating tows can be completely separated by adjusting the
points (and necessarily, the local fiber volume fraction) at the cross sections in a presumed way.
By simple mapping, Tang, Whitcomb, et al. [11] and Goyal and Whitcomb [12] were able to
obtain finite element meshes for 2 x 2 braids, where the non-orthogonal fiber tows have
position-dependent asymmetric cross sections, from meshes for 2 x 2 twills, where the
orthogonal fiber tows have constant symmetric cross sections.

Other researchers seek to increase model fidelity or model more complicated fabrics (e.g.,
stacked 2-D fabrics, fabrics with non-orthogonal fiber tows, 3-D fabrics) by simulating the
mechanical interaction among interlacing fiber tows. CAD techniques are also required to at least
convert the simulation results into CAD solids. In general, a simulation-based approach using
more realistic constitutive models for the tows yields higher fidelity, however, at a greater
computational expense. Lomov, Huysmans, et al. [13] and Verpoest and Lomov [14] computed
the centerlines and dimensions of the cross sections, either elliptical or lenticular, of the fiber
tows from the conditions of equilibrium and continuity. (In the simulation-based approaches, the
cross sections of the fiber tows are taken normal to the tow paths.) In their derivation, the fiber
tows are treated as elastic shear-deformable beams and experimentally determined relations
between the cross-sectional dimensions and the compressive transverse force acting on the tows
are used. A very short computational time for a unit cell of a complicated 3-D textile has been
reported. We note that in reality, the deformation in the fiber tows is dominated by inelastic shear
deformation due to slippage of the fibers. As discussed by Lomov, Ivanov, et al. [15] and Ivanov,
Baudry, et al. [16], the method is not immune from interpenetration. In [15], interpenetrating
tows are separated by an ad hoc mesh deformation procedure based on the linear finite element
formulation of elasticity. The separation can cause the afore-mentioned increase in the size of a
congruent mesh. Zhou, Sun, and Wang [17] modeled each tow as a bundle of chains of rod finite
elements and performed contact analyses that simulated the kinematic steps of a 2-D weaving
process and a 3-D braiding process. Excellent theoretical-experimental correlation of the internal



geometry of the 2-D weave and 3-D braid was reported by Miao, Zhou, et al. [18]. Addressing
the computational-time concern, they found that much shortened simulations that started with the
tows arranged pursuant to the desired interlacing patterns (textile architecture) and having
initially circular cross sections, and omitted the chain-chain friction yielded nearly the same
results. It should be noted that the architecture initially cannot fit into the desired unit cells
because the rod elements have rigid cross sections. Zhou, Mollenhauer, and larve [19] simulated
vacuum bag compression of randomly nested layers of a 2-D braided preform and demonstrated
a way to build solids from bundles of the deformed chains. One should still expect minor
interpenetration problems with these solids. Instead of the rod element, Durville [20] formulated
a special beam element that can accommodate the cross-sectional planar strains. The use of the
more sophisticated element should conduce to reducing the number of elements per chain and the
number of chains per tow. In addition, a special contact algorithm is implemented in [20] to
improve performance. It is reported in [21] that it took a cluster of six processors days to
complete a simulation for a plain weave where the tows assumed the desired textile architecture
from the very beginning.

Most finite element meso-mechanical progressive failure analyses of textile composites were
performed on congruent meshes that are conformal with the internal geometry (e.g., [11, 16]).
Consistently, emphasis in geometry modeling has been placed on building automated general
procedures for generation of congruent conformal meshes (e.g., [14, 22]). Crookston, Ruijter, et
al. [9] pointed out difficulties in building such procedures if contact among the fiber tows is
allowed. It should be noted that if contact is allowed, the topology for constructing a tow very
probably varies from one tow to another and from one set of textile design parametric values to
another for the same textile architecture. On the other hand, voxel meshes (volumetric-pixel
meshes), which are regular orthogonal meshes and in general are non-conformal, can be
generated easily. The original (congruent) version of voxel meshes has been used for meso-
mechanical analysis by Ernst, Vogler, et al. [23] and the incongruent version (due to adaptive
local refinement) by Kim and Swan [24] and Crookston, Ruijter, et al. [9]. Resolving material
inhomogeneity with a voxel mesh incurs a substantial increase in the model size. Moreover, a
complication arises from the stairs-like material interfaces in a voxel mesh. Because the
interfacial failure criteria and fracture energy increment for a surface element on an actual
interface depend on the orientation and size of the surface element, they cannot be computed on
a stairs-like substitute. Note that the areal difference between an actual interface and a stairs-like
one does not approach zero as the element size is made approach zero.

In this paper, a general method is proposed to create realistic finite element meso-mechanical
models of textile composites suitable for progressive failure analysis. Realistic internal geometry
of various textile composites can be obtained by simulating the effects of interlacing. To improve
the efficiency of the simulation, we use a coarse solid finite element mesh to compute the
geometry of the fiber tows and start the computation with the tows having simplified cross
sections, arranged in the desired interlacing pattern fit into the target unit cell, and being contact-
free. The initial configuration is made possible by setting the initial cross-sectional areas of the



fiber tows smaller than the actual values. Thus, a corrective fictitious thermal expansion is
imposed on the tows to cause contact among them during the simulation. The overall efficiency
can be further improved by enhancing the reliability of automation. To this end, we choose to
directly discretize the computed geometry, where there is ubiquitous tow-tow areal contact, into
an incongruent conformal fine mesh for progressive damage analysis. We do not take the mostly
used approach, artificially inserting thin layers of matrix between neighboring fiber tows in hope
of generating a congruent conformal mesh, because such a mesh usually has a considerable
amount of nodes carrying little additional information. The present approach admits mesh
incongruence at both tow-tow and tow-matrix interfaces. Recall that in terms of geometry, the
matrix is drastically different from the fiber tows. Allowing the tow-matrix mesh incongruence,
one can mesh the matrix independently of the fiber tows and therefore has more freedom to
reduce the size of a model. In the fine mesh for progressive damage analysis, each material
interface (mesh incongruence) is assigned softening traction-separation cohesive contact
behavior. Therefore, interfacial failure is consistent with fracture mechanics and immune from
the well-known problem of spurious mesh sensitivity. The computed total energy dissipation
over a significant interfacial failure is primarily a function of the mode and extent of the failure,
not sensitive to mesh density. This suggests that effects of interfacial failure and its interaction
with other internal damage on the overall material response may be accurately predicted in the
presence of moderate mesh incongruence at the interfaces.

The simple architecture of plain weave is ideal for an initial verification and demonstration of
the proposed general method. In the next section, a description of each step of the method is
presented, followed by application of the step toward building finite element models of a plain
weave composite with matrix porosity and another without matrix porosity. Subsequently, finite
element analyses of progressive interfacial cracking in the two composites subject to uniaxial
cyclic loading are presented. Most physical quantities in the numerical examples are non-
dimensional. Length is normalized by half the thickness of the plain weave under consideration,
say, L. Quantities which have the same unit as stress are normalized by the longitudinal Young’s
modulus of the fiber tows under consideration, say, S. Therefore, energy dissipation per unit area
of crack extension is normalized by SL.

GENERATION OF FINITE ELEMENT MODELS

The first step of the proposed method is to obtain the geometry of the fiber tows by nonlinear
finite element computation of the internal state of equilibrium. The numerical results are
converted into CAD entities and then CAD operations are performed on these entities to
construct solids representing the fiber tows and a slightly reduced volume of the matrix in the
domain of interest. The solids are meshed individually. Subsequently, nonlinear finite element
elasticity-based mesh deformation is applied to adjust primarily the matrix elements to achieve



conformity. Finally, material coordinate systems are assigned to the finite elements for the fiber
tows. These steps, illustrated by Figures 1 and 2, are described below.

Step 1- Performing Contact Analysis to Compute Geometry of Fiber Tows

It is assumed that time-consistency of the loading events on the fiber tows is not important for
computing the internal geometry, neither is the initial cross-sectional geometry of the tows. The
assumptions seem reasonable if 1) at the beginning of the deformation process, the cross-
sectional geometry is convex, 2) during the process, no instability occurs, 3) at the end of the
process, most of the bounding surfaces of the tows are in contact. Therefore, we attempt to start
with an initial configuration that is easy to construct and approximates expected major geometric
characteristics of the final configuration. A good choice is to set the fiber tows contact—free and
assign them simplified constant cross sections (e.g., elliptical or circular) with moderately
reduced areas and simplified tow paths which are arranged in the desired interlacing pattern and
fit into the target unit cell. Hence, all the fabric design parameters (e.g., fabric type, tow spacings,
and tow lengths in a unit cell) should be used to build the initial configuration. Each fiber tow
can be modeled with a coarse mesh composed of cross-sectional layers of quadratic solid finite
elements and the centerline of the tow is represented by connected element edges (Step 1 in
Figure 1). A fictitious thermal expansion is imposed on the fiber tows in the simulation until the
cross-sectional areas reach specified values, which should be consistent with the known
longitudinal stiffness of the tows. Virtually, all the boundary conditions and loadings required for
the simulation are approximations. For example, inferring from assumed internal periodicity, one
may enforce at an end of a fiber tow anti-symmetry of the relative displacements and symmetry
of traction, both with respect to the centroid of the end, and constrain the displacements at the
centroid to a linear macroscopic displacement field. If the peak stretching load in a fiber tow is
assumed, the stretching and relaxation can be simulated by subjecting a tow end to an increasing
and then decreasing follower load that is tangential to the tow path at the end. A transversely
isotropic and elastic ideal-plastic constitutive model for the fiber tows is used for the simulation.
A sufficiently large longitudinal yield stress that does not cause a numerical problem, otherwise
arbitrary, can be easily chosen to ensure the entirely elastic longitudinal normal strain. In general,
the three shear yield stresses with respect to a principal material coordinate system are small and
the shear strains due to interlacing are dominated by plasticity. Therefore, the shear stresses are
also small, the shear yield stresses are much lower than the corresponding shear elastic moduli,
and the shear yield stresses and shear moduli are unimportant to equilibrium and hence their
accuracy is immaterial. Consequently, among the material constants, only the Young’s moduli
and Poisson’s ratios deserve consideration of accuracy.

Step 1 for the plain weave shown in Figure 1 is carried out by explicit dynamic frictionless-
contact analysis with the following material parameters for the (unconsolidated) fiber tows:
E, =1, E,=E; =005, vy =33 =02, Vy3 =03, Gp3 = E,/2(1 +Vy3) = Gy = G135,
07, = E; X 40% , 03, = Go3 X 1% = 07, = 013, 05y = 033 = 2055, @; =0, and a, = a3 =



1°C~1, where E denotes the Young’s modulus, v the Poisson’s ratio, G the elastic shear modulus,
o” the yield stress, and « the coefficient of thermal expansion. In the above, the subscript 1
indicates the longitudinal direction of the fiber tows, and 2 and 3 the two transverse directions. In
the example, a rigid wall is placed above the fiber tows and another below to simulate symmetric
stacking and compacting. The distance between the two walls is 2. The distance between the two
ends (perpendicular to the rigid walls) of each fiber tow is 7.5, which is also the tow spacing.
Both initial tow paths are piecewise linear with a length of 3.8. The initial cross-sectional area of
each tow is 2.443. The fictitious temperature change is set to 0.4°C. Because of the dominating
plastic incompressibility, the final cross-sectional area should be nearly (e®%)? x 2.443 = 5.437.
Anti-symmetry of the relative displacements and symmetry of the tractions, both with respect to
the centroid of each end of the fiber tows, are enforced on the end surface. The centroids of the
ends are fixed until the completion of the expansion and then freed to slide in the directions of
the fiber tows projected onto the textile plane. The coarse mesh with quadratic tetrahedral
elements shown in Figure 1 has 1772 nodes. A computation was performed with the
Abaqus®/Explicit program running in the 32-bit mode on an Intel® Core™ 2 Duo T9600
processor (2.80 GHz) and took about two minutes. It was found that the effect of the relaxation
on the geometry is negligible for the example.

Step 2- Constructing CAD Solids from Deformed Fiber Tows

Due to the mesh regularity, the nodes on the lateral surface of each deformed fiber tow can be
easily connected with splines to form closed contours (Step 2 in Figure 1). Then a swept-blend
solid is constructed from the contours, with the aid of contingent assumptions of symmetry or
anti-symmetry, to represent a segment of a fiber tow that extends beyond the boundaries of the
domain for the desired meso-mechanical analysis. For convenience, such a solid is called
“standard fiber tow.” For each fiber tow, new points are created by translating its lateral-surface
nodes by a small amount in the respective directions normal to the lateral surface of the standard
tow and similarly an “enlarged fiber tow” is constructed from the new points. To ensure no
matrix pocket between two contacting fiber tows, the enlarged tows will be used as cutters to
create solids approximating the matrix (Step 3c in Figure 1). To enlarge the fiber tows shown in
Figure 1, which have a thickness of 1, a 0.005 nodal translation is applied. If the matrix has
porosity, another solid called “matrix cylinder” is created for each fiber tow by a larger nodal
translation. The matrix cylinders will be joined, trimmed, and then cut with the enlarged fiber
tows to obtain a solid approximating the porous matrix (Steps 3b and c in Figure 1). For the
example in Figure 1, a 0.45 nodal translation is applied to obtain the matrix cylinders.

Steps 3a, b, and c- Constructing CAD Solids for Tows and Matrix in Analysis Domain



Step 3a- constructing solids for tows: The standard fiber tows are trimmed to the boundaries
of the domain for the desired meso-mechanical analysis. Without matrix porosity, the analysis
domain for the present example is a rectangular parallelepiped whose size is 7.5 X 7.5 X 2.

Step 3b- preparing raw solid for porous matrix: The matrix cylinders are joined and then
trimmed to the boundaries of the analysis domain to form the raw solid that will be processed
further to obtain a solid representation of the porous matrix.

Step 3c- constructing solid for matrix: The raw solid for the matrix either with or without
porosity is cut with the enlarged fiber tows. The result is an approximate solid representation of
the matrix because of the use of the enlarged fiber tows as the cutters.

Step 4- Meshing and Assembling

The trimmed standard fiber tows are meshed with quadratic tetrahedral elements. One usually
has good control of the number of nodes used for the trimmed standard fiber tows. However, this
is seldom true for the matrix due to the concurrent thinness and large concaving surface
curvature of the matrix. To eliminate the difficulty, the matrix is meshed with linear tetrahedral
elements and then the linear elements are converted into quadratic elements with flat faces.
Subsequently, all the meshes are assembled into an incongruent and non-conformal mesh. The
resulting mesh would be conformal if gaps and overlaps at the tow-matrix interfaces, attributed
to the use of the enlarged fiber tows as the cutters and the flat faces of the matrix elements, could
be eliminated by adjusting the matrix elements. The nonporous mesh and porous mesh shown in
Figure 1 have 121,338 nodes and 115,006 nodes, respectively. The gaps and overlaps at the tow-
matrix interfaces can be seen in the first row of Figure 2, while excellent mesh conformity is
seen at the tow-tow interfaces.

Step 5- Mesh Adjustment

Two brief simulations of contact are performed to achieve the desirable mesh conformity. In
the first one, a thermal contraction is applied to the boundary elements of each trimmed standard
fiber tow to get them clear of the overlaps. Then, by bringing the temperature in the boundary
elements of the fiber tows back to the initial temperature, the contraction is recovered and the
overlapping matrix elements are pushed back due to contact. Subsequently, a thermal expansion
is applied to the boundary elements of the matrix to close the gaps. Boundary nodes of the
analysis domain that are near the non-conformity are allowed to slide tangentially in order to
eliminate the non-conformity without altering the boundary geometry of the analysis domain.
The rest of the boundary nodes can be either fixed or allowed to slide tangentially; the choice
should be made on the basis of minimum implementation effort. In addition, all the interior
nodes of the fiber tows are fixed. To ensure no net change in the geometry of the fiber tows after
the mesh adjustment, the fiber tows should be much stiffer than the matrix. It suffices to assign
fictitious isotropic elastic and thermal expansion properties to the constituents. The imposed



contraction and expansion (in terms of strain) can be easily estimated from the thicknesses of the
worst overlaps, gaps, and involved elements if a vanishing Poisson’s ratio is used for the
constituents. The following parameters are used for both meshes in the example: For the fiber
tows, E = 1,v =0, a = 1°C™1; for the matrix, E = 1073, v = 0, @ = 1°C™1; the temperature
change for contraction is —0.1°C; the temperature change for expansion is 0.05°C. All the
boundary nodes of the non-porous mesh are allowed to slide tangentially, while all the nodes on
the bounding surfaces of the porosity in the other mesh are fixed. The result for the nonporous
mesh is illustrated by the second row of Figure 2. As seen in Figure 2, only tiny remnants persist
in very limited regions, which can be reduced to a negligible level by the second simulation. The
result for the porous mesh is similarly satisfactory.

For the second simulation, the entire model consists of a fictitious homogeneous isotropic
material and is subject to a uniform increment in temperature. The only displacement conditions
are enforced at the boundary nodes of the analysis domain, the same as for the first simulation.
This simple arrangement makes the second mesh adjustment only occur in small neighborhoods
of the residual gaps. Therefore, the geometric changes of the fiber tows should be negligible. The
following parameters are used for the second mesh adjustment: E = 1,v = 0, @ = 1°C™1; the
temperature change for expansion is 0.01°C. The effectiveness of the second mesh adjustment of
the nonporous mesh is evident in the third row of Figure 2. The second mesh adjustment works
as well for the porous mesh.

Step 6- Defining Material Coordinate Systems

The fiber tows in the fine mesh intended for the meso-mechanical analysis are assumed to
have transversely isotropic material properties. For each fiber tow, a spline is fitted through the
nodes that are located on the centerline of the tow in the deformed coarse mesh in Step 1. To
define the axis of transverse isotropy for a finite element of a fiber tow in the fine mesh, the
normal projection of the centroid of the element to the spline for the tow is determined first and
then the unit vector that is tangential to the spline at the projection. After defining the axis of
transverse isotropy with the unit vector, one can establish a principal material coordinate system
for the element.

PROGRESSIVE INTERFACIAL CRACKING

To focus on effects of constituent properties, the porous model and non-porous model
demonstrated above are used to simulate progressive interfacial cracking in a ceramic-matrix
composite (CMC) and a polymeric-matrix composite (PMC), respectively, although the material
parameters used in Step 1 are more suitable for the (unconsolidated) fiber tows of the PMC. In
addition, the damage inside the tows and matrix is purposely “switched off” in order to isolate
implications of the interfacial failure. The interfacial behavior before complete separation (final



failure) is represented by a softening traction-separation cohesive model described below.
Damage initiates when the “cohesive-surface quadratic stress criterion” variable (CSQUADSCRT)
reaches one, i.e., CSQUADSCRT = 1. CSQUADSCRT is defined by

2 2 2
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where t,,, tg, and t, denote the three orthogonal traction components acting on an interface, the
normal component, first shear component, and second shear component, respectively, and t]***,
t"e*, and t*** denote the corresponding ultimate strengths. If t, <0, (t,) =0; if 0 <¢,,
(t,) = t,. When damage evolves after the initiation, each mode of the traction-separation
response (e.g., normal traction vs. normal separation) follows a softening straight line (as the
response envelope) toward the final failure. The area under the envelope for a mode represents
the critical density of energy dissipation (energy dissipation per unit area of crack extension) due
to that mode of damage. If an unloading occurs at a point on the envelope before the final failure,
the response to the unloading follows a linear path toward the origin of the traction-separation
plane. The response to a reloading subsequent to the unloading also follows the same linear path
until the envelope is reached, and then resumes tracing the softening envelope. The areas under
the respective softening envelopes, i.e., critical densities of energy dissipation, are governed by

the following quadratic law:
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where G,,, G, and G, denote the critical densities of energy dissipation due to the normal mode,
first shear mode, and second shear mode of damage, respectively, in a general damage process,
and G5, G<, and Gf denote the critical densities of energy dissipation in the respective pure-
mode damage processes. After the final failure of an interfacial area, the two crack surfaces
interact with each other through frictionless contact. The cohesive model and post-failure contact
described above is commercially implemented in the “contact analysis with cohesive contact
properties” within the Abaqus/Explicit program [25]. The analysis set-up is described below.

Porous CMC: For the transversely isotropic (consolidated) fiber tows, E; =1, E, = E5 =
0.952, vy, = V33 = 0.231, vy3 = 0.311, Gy, = Gy3 = 0.376, Gp3 = E,/2(1 4+ v,3); for the
isotropic ceramic matrix, E = 0.676, v = 0.3; for both the tow-tow and tow-matrix interfaces,
tmax = 338 x 1074, tMX = 7 = 26 x 107%, G5 = 4.07 X 1077, G£ = Gf = 1.22 x 1076,

Non-porous PMC: For the transversely isotropic (consolidated) fiber tows, E; = 1, E, = E5 =
0.0577, V3, = V33 = 0.28, Vo3 = 0.33, Gy, = G5 = 0.0356, G5 = E,/2(1 +v,3); for the
isotropic polymeric matrix, E = 0.026, v = 0.36; for both the tow-tow and tow-matrix
interfaces, tM* = 2.6 x 107*, tMa* = t"** = 191 x 10~*, G5 =3.34 X 107%, G = Gf =
1x 1075,




Boundary conditions: Both finite element models shown in Figure 1 are subject to
displacement-controlled uniaxial cyclic loading. The bounding surfaces of the porosity in the
CMC model are load-free. For convenience, a face of the CMC model is defined as the union of
all the flat boundary surfaces that have the same orientation. Hence, like the PMC model, the
CMC model has six faces. For both CMC and PMC, all the six faces are free of tangential
traction. The normal displacement is set to zero on the —x, —y, and —z faces. The normal
displacement on the x, y, and z faces are constrained to respective master nodes, one on each face.
The total normal load on the y face is zero, so is the total normal load on the z face. A history of
the normal displacement (in the x direction) is prescribed at the master node on the x face. For
the CMC, the prescribed history corresponds to an overall-strain history that proceeds from 0%,
to 0.15%, to —0.15%, and finally to 0.3%. For the PMC, it proceeds from 0%, to 0.6%, to
—0.6%, and finally to 1.2%.

A preliminary test is performed to ensure that the non-porous model and the above method for
applying uniaxial tensile loading can accurately reproduce a linear displacement field if the
material is entirely homogeneous and isotropic. For the test, v = 0.3 is used and the model is
stretched to 0.6% in the x direction. As shown in Figure 3, the numerical results are very accurate.

The computed overall stress and strain responses of the CMC and PMC are presented in
Figures 4 and 5. Note that o;; and ¢;; are the overall stress (composite stress) tensor and overall
strain (composite strain) tensor, respectively, referencing the Cartesian coordinate systems
shown in Figure 1. The two composites show essential similarity in their behavior, including
how hysteretic loops form and the subsequent compressive stiffness being between the initial
tensile stiffness and first unloading stiffness in terms of magnitude. Over the entire loading
history applied to the CMC, the effect of the interfacial damage on every response curve is
evident. However, within the leading constant strain amplitude cycling applied to the PMC (from
Exx = 0%, t0 0.6%, to —0.6%, and then back to 0.6%), only the effect on ¢,, is evident. Another
interesting distinction is the concaving-down curvature of the ¢,,,-¢,, curve of the PMC.

Contours plots of CSQUADSCRT on the bounding surfaces of the fiber tows at different
overall strains along the loading history are presented in Figures 6 and 7. The plots clearly
indicate the progression of the computed interfacial damage because once CSQUADSCRT
reaches one (damage initiates) at any interfacial point, its value at that location is fixed to one by
the analysis code. Therefore, the areas with the maximum value of one monotonically extend.
For convenience, let the fiber tows running in the x direction and y direction called x tow and y
tow, respectively, the interface between the x tow and matrix called x-m interface, the interface
between the y tow and matrix called y-m interface, and the tow-tow interface called x-y interface.
For both composites, the interfacial damage initiates at locations on the y-m interface and x-y
interface that are near the “leading edge” (the portion of the lateral surface that contains the large
cross-sectional curvature) of the y tow, and at locations on the x-m interface that are across from
the leading edge of the underlying y tow. The damage initially propagates faster at the y-m
interface and x-y interface in the CMC, while the damage initially propagates faster at the x-m
interface in the PMC. The damage evolves during every loading and reverse loading event within



the leading constant strain amplitude cycling for both composites. Recall that for the PMC,
within the leading cycling, the apparent effect of the internal damage is only observable from the
&,, response. In fact, the internal damage accumulation is so extensive that it will manifest itself
when the composite is subject to a subsequent in-plane shear load.

CONCLUDING REMARKS

The proposed method has the potential to become a general framework for efficiently
constructing realistic models for meso-mechanical simulation of complex behavior (such as
progressive failure) of various textile composites. For the examples demonstrated above, damage
(continuum or discontinuity) models and associated numerical methods for the fiber tows and
matrix can be incorporated in order to simulate every aspect of damage evolution and interaction
in the plain weaves. The other near-future work should be the application of the method to a
stack-up of plain weave layers and other 2-D and 3-D textile architectures.
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Figure 1. Steps 1-4 for generation of finite element models for textile composites.



Figure 2. Step 5- mesh adjustment.
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Figure 3. Homogeneous and isotropic material subject to uniaxial tension.
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Figure 4. Overall stress and strain responses of plain weave CMC.
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Figure 5. Overall stress and strain responses of plain weave PMC.
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Figure 6. Progressive interfacial failure in plain weave CMC.
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Figure 7. Progressive interfacial failure in plain weave PMC.



